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ABSTRACT I 

The mass s p e c t r o m e t r i c  s tudy  of  c l u s t e r e d  ions  i n  func t ion  of po la i  
gas  p re s su re ,  t empera ture  and e l ec t r i c  f i e l d  s t r e n g t h  provides  informa- 
t i o n  n o t  on ly  on what i o n i c  s p e c i e s  might  be p r e s e n t ,  b u t  a l s o  on t h e  1 s t r e n g t h  of t h e  ion -d ipo le  i n t e r a c t i o n s .  S t u d i e s  of  t h e  r e a c t i o n  
H30+.(n-1)H20 + H 2 0  = H30+.nH20 i n  a N i e r  t y p e  i o n  source  wi th  a 1 0 0  ke-c 
p ro ton  beam a r e  compared w i t h  earlier work on an a lpha  p a r t i c l e  mass . 
spec t rometer .  The r e s i d e n c e  t i m e  o f  t h e  i o n s  i n  t h e  two sources  a r e  a 
few psec and a few m s e c  r e s p .  S i m i l a r i t y  of  r e s u l t s  shows t h a t  c l u s t e r ,  
i n g  equ i l ib r ium i s  e s t a b l i s h e d  w i t h i n  p s e c  f o r  water c l u s t e r s  above 0.5 
t o r r .  The presence  o f  electric f i e l d s  reduces  t h e  c l u s t e r  s i z e .  5 0  1 
volts /cm ( a t  1 torr) s t r i p  t h e  c l u s t e r s  t o  H 0'. Experiments on t h e  cor 
p a r a t i v e  a t tachment  o f  d i f f e r e n t  molecules  S ~ O W  t h a t  t h e  s t a b i l i t y  of t l  
a t tachment  i n c r e a s e s  i n  t h e  o rde r  H 2 0 ,  NH3, CH30H, CH3N02 f o r  f i r s t  she! 
a t tachment .  A t  l a r g e r  d i s t a n c e s  from the i o n  (second s h e l l )  water  be- 
comes t h e  s t r o n g e s t  a t t a c h i n g .  These r e s u l t s  a r e  expla ined  by d i f fe renc  
of d i p o l e  moments and p o l a r i z a b i l i t i e s .  
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INTRODUCTION 

I' Attachment of p o l a r  molecules t o  i o n s  i n  t h e  gas  phase occur s  i n  a 
mber of systems: gases  under h igh  energy i r r a d i a t i o n ,  g a s  d i scha rges ,  
IlameS, e tc .  The p o l a r  molecules may be p r e s e n t  as an a c c i d e n t a l  i m -  
k r i ty  o r  a s  a d e l i b e r a t e  addmixture. The a t tachment  has  a number of 
$Por tan t  e f f e c t s  such as  change of m o b i l i t y ,  change of r e k t i v i t y  wi th  
2gard t o  ion-molecule r e a c t i o n s ,  change of t h e  p o s i t i v e  (nega t ive )  i o n  
t l e c t r o n )  recombination c o e f f i c i e n t  and change i n  t h e  n a t u r e  of t h e  
-0ducts  r e s u l t i n g  from t h e  p o s i t i v e  nega t ive  ion  recombination. The 
+dy of  ion-polar  molecule i n t e r a c t i o n s  i n  t h e  gas  phase can  a lso pro- 
:de  informat ion  on i o n i c  s o l v a t i o n  s i n c e  t h e  format ion  of i o n  c l u s t e r s  
2 n s t i t u t e s  t h e  f i r s t  and most impor tan t  s t e p  i n  t h e  s o l v a t i o n  of an ion .  
; A sys t ema t i c  mass s p e c t r o m e t r i c  s tudy  of  ion-polar molecule  i n t e r -  
:tiOnS w a s  s t a r t e d  i n  t h i s  l a b o r a t o r y  some f i v e  y e a r s  ago.8-12 

The mass spec t romet r i c  gas  phase s t u d i e s  are based on measurement !! t h e  r e l a t i v e  concen t r a t ions  of t h e  c l u s t e r e d  i o n i c  s p e c i e s :  A+.nS, 
+ . ( n + l ) S ,  e t c .  The measurement of  t h e  r e l a t i v e  c o n c e n t r a t i o n s  i s  ob- 
f ined  by b l eed ing  a probe of t h e  g a s  i n t o  an  i o n  mass a n a l y s i s  system, 
.,e. a vacuum chamber a t t a c h e d  t o  a mass spec t romete r .  I n  t h e  vacuum 
hamber .> t h e  gas  is  pumped o u t  wh i l e  t h e  i o n s  are cap tu red  by e l e c t r i c  
i e l d s ,  a c c e l e r a t e d  and focused and then  mass ana lysed  by some conven- 
i o n a l  means (magnetic s e p a r a t i o n  quadrupole  f i l t e r ,  e t c . ) .  A f t e r  mass 
q a l y s i s ,  t h e  i o n  beam i n t e n s i t i e s  are d e t e c t e d  a s  e l e c t r i c a l  c u r r e n t s .  

i v e  concen t r a t ions  of  t h e  i o n i c  s p e c i e s  are known. 
Seve ra l  types  of s o l v a t i o n  s t u d i e s  can be  undertaken i f  t h e  rela- 

1. S o l v a t i o n  E n t h a l p i e s  and En t rop ie s  of  I n d i v i d u a l  So lven t  Mole- 
u l e  Addi t ions  S teps :  Consider t h e  i o n  A+ produced i n  t h e  gas  phase by 
3 m e  form of i o n i z i n g  r a d i a t i o n  or thermal  means. I f  t h e  atmosphere 
urrounding t h e  ion  c o n t a i n s  t h e  vapor of a p o l a r  molecule ( s o l v e n t  S ) ,  

number o f  c l u s t e r i n g  r e a c t i o n s  w i l l  occur .  
i 

A+ + S + A+.S (0,1) 
I A+.S + S + A+.2S ( 1 , 2 )  

A+.(n-l)S + S + A+.nS (n- l ,n )  

,~ A t  equ i l ib r ium t h e  fo l lowing  r e l a t i o n s  w i l l  ho ld  

= AFo + AFo 1 , 2  + ... + AFon- l ,n  (1) O,n 0 , 1  AFo 

= -RT I n  Kn-l,n (11) 'A+. nS 
'A+. (n-1) s-'s 

= -RT I n  AFon-l , n 

~ where P, i s  t h e  p a r t i a l  p r e s s u r e  of  X .  
Thus knowledge of t h e  equ i l ib r ium c o n c e n t r a t i o n s  of t h e  c l u s t e r e d  

p e c i e s  A+.nS ob ta ined  from exper iments  a t  d i f f e r e n t  p r e s s u r e s  of s w i l l  
l l o w  t h e  de t e rmina t ion  Of Xn-1 n and AFn-l,n. Such measurements done 
k d i f f e r e n t  tempera tures  w i l l  l e a d  t o  t h e  e v a l u a t i o n  of A H n - l  
Sn - l In .  The a v a i l a b i l i t y  o f  such d e t a i l e d  in fo rma t ion  w i l l ,  #or In- 
, t ance ,  r e v e a l  t h e  s h e l l  s t r u c t u r e  s i n c e  a d i scon t inuous  change of t h e  
Hn-1 n and ASon-l,n v a l u e s  w i l l  occur  whenever a s h e l l  i s  completed. 
, i n a l l y ,  t h e  t o t a l  h e a t  of  s o l v a t i o n  of t h e  i o n  can a l so  be obta ined  
rom t h e  expres s ion  111, w i t h  e q u a t i o n s  of t h e  same form hold ing  f o r  t h e  
/ m 
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f r e e  energy and en t ropy  change of s o l v a t i o n .  
I t  i s  ev iden t  from equa t ion  I1 t h a t  on ly  t h e  r e l a t i v e  concen t r a t ions  

of t h e  i o n i c  s p e c i e s  are r e q u i r e d .  Thus AFon,l and Kp can be obtained 
from equa t ion  11 by assuming t h a t  t h e  mass s p e c h o m e t r i c a l l y  measured 
ion  i n t e n s i t i e s  are p r o p o r t i o n a l  t o  t h e  equ i l ib r ium p a r t i  1 p r e s s u r e s  of 
t h e  i o n s  i n  the i o n  source .  
H 2 0  l2 r e p r e s e n t  examples of s t u d i e s  of t h i s  type.  

The s o l v a t i o n  of NHa by NH3 ' and H3O+ by 

I / 
2 .  Comparative S o l v a t i o n  of Two D i f f e r e n t  Ions by t h e  Same Solvent:  

+ Comparative s o l v a t i o n  of i o n s  A , C+ by s o l v e n t  S .  

The two ions  a r e  produced i n  t h e  same system which a l s o  con ta ins  

There are t h r e e  v a r i a n t s  of t h i s  type  of s t u d y .  11 
(a) 

vapor of t h e  s o l v e n t  S .  I n  g e n e r a l ,  depending on t h e  e f f e c t i v e  r ad ius  
and s t r u c t u r e  of t he  i o n ,  t h e  r e l a t i v e  c o n c e n t r a t i o n  of c l u s t e r s  A+.ns 
w i l l  be d i f f e r e n t  from t h a t  of C+.rnS. Thus, f o r  example, i n  t h e  average 
n may be l a r g e r  by 1 or 2 units t h a n  m. Th i s  w i l l  r e v e a l  a s t r o n g e r  in-  
t e r a c t i o n  of A+ wi th  S .  Comparison of n and m can be done a t  d i f f e r e n t  
tempera tures  and p r e s s u r e s  (of S )  so a s  t o  compare t h e  i n t e r a c t i o n s  i n  
t h e  i n n e r  s h e l l  or i n  t h e  o u t e r  s h e l l s .  An example of t h i s  t y p e  of study 
i s  t h e  system ~ 3 0 + ,  NHa fyd  Na+ i n  H 2 0  vapor  which i s  d e s c r i b e d  i n  a 
forthcoming p u b l i c a t i o n .  

(b )  

w i th  H20. 
s o l v a t i o n  of p o s i t i v e  and n e g a t i v e  i o n s ,  such a comparative s tudy  is  of 
g r e a t  i n t e r e s t ,  p a r t i c u l a r l y  f o r  i s o e l e c t r o n i c  p a i r s  a8 t h e  one quoted 
above. W e  have no t  y e t  done s t u d i e s  on such i s o e l e c t r o n i c  p a i r s .  How- 
e v e r ,  such s t u d i e s  a r e  p e r f e c t l y  p o s s i b l e .  The p a i r  K+ and C1' could be 
produced i n  water vapor.  By r e v e r s i n g  t h e  m a s s  spec t romete r  c o n t r o l s ,  
measurements on t h e  p o s i t i v e  and nega t ive  i o n s  i n  t h e  system could be 
done w i t h i n  minutes of each  o t h e r .  
(c)  Comparative s o l v a t i o n  of two n e g a t i v e  i o n s  by S. 

by H 2 0  i s  g iven  i n  a forthcoming p ~ b 1 i c a t i o n . l ~  

' 
, 

1 

' 

I Comparative s o l v a t i o n  of i o n s  A+ and B- by s o l v e n t  S.  

An example of t h i s  t y p e  of s t u d y  would be t h e  system K+ and C1' 
S i n c e  t h e  o r i e n t a t i o n  of t h e  water d i p o l e s , i s  r eve r sed  i n  t h e  

An example of this t y p e  of s tudy  f o r  t h e  i o n s  Cl', BCl- ,  and B2C1' 

3. Competitive S o l v a t i o n  of I o n  A+ (or B-) by So lven t  Molecules of 
So lven t s  S and S : A comparison of  t h e  s o l v a t i n g  power of  t w o  d i f f e r e n t  
s o l v e n t s  cb-tained by measuring t h e  composition of  i o n  c l u s t e r s  
when two d i f f e r e n t  s o l v e n t s  a r e  p r e s e n t  a t  known p a r t i a l  p r e s s u r  8 .  An 
example of t h i s  type  of s t u d y  is t h e  c o m p e t i t i  e s o l v a t i o n  of NIig by HqO 
and NH3 which has  been r e p o r t e d  on elsewhere.2C Some more r e c e n t  s t u d i e s  
w i l l  be  desc r ibed  i n  t h e  p r e s e n t  paper.  
s o l v a t i o n  of t h e  pro ton  by water  and methanol. The water methanol system 
is  o f  i n t e r e s t  s i n c e  t h e  d i p o l e  moment of water is  s l i g h t l y  h ighe r  than 
t h a t  of  methanol wh i l e  t h e  p o l a r i z a b i l i t y  of methanol is cons ide rab ly  
l a r g e r  t han  t h a t  of water. Thus it might be expec ted  tha t  a t  c l o s e  range 
t o  t h e  c e n t r a l  i on  methanol  might  b e  p r e f e r e n t i a l l y  s o l v a t i n g .  I 

1 

These concern  the competitive 
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EXPERIMENTAL 

The mass spec t romet r i c  s tudy of ion  s o l v e n t  molecule  i n t e r a c t i o n s  

Three somewhat d i f f e r e n t  
r e q u i r e s  mass spec t romet r i c  appara tus  which can sample i o n s  o r i g i n a t i n g  
i n  ion  sources  a t  r e l a t i v e l y  h igh  p r e s s u r e s .  
arrangements a r e  p r e s e n t l y  i n  use i n  t h i s  l abora to ry .  

11 
? -  

1. Alpha p a r t i c l e  mass spectrometer  

A r e c e n t  ve r s ion  of t h i s  appara tus  has  been desc r ibed  elsewherel’  
i n  d e t a i l .  The g a s ,  suppl ied  from a convent iona l  gas  handl ing  system, 
i s  i r r a d i a t e d  i n  t h e  i o n i z a t i o n  chamber. The r a d i a t i o n  i s  supp l i ed  
from an  enclosed 200 m c  polonium a lpha  source .  The i r r a d i a t e d  g a s  bleeds 
through a leak  i n t o  t h e  evacuated e l e c t r o d e  chamber. There t h e  ions  
c a r r i e d  by t h e  gas  a r e  captured  by t h e  e lec t r ic  f i e l d s  wh i l e  t h e  gas  i s  
pumped away. The i o n s  are focused,  a c c e l e r a t e d  and t h e n  sub jec t ed  t o  
mass a n a l y s i s  and e l e c t r o n  m u l t i p l i e r  d e t e c t i o n  i n  a 90° s e c t o r  f i e l d  
ana lyze r  tube .  

2. Elec t ron  beam mass spec t rometer  

medium. The ion  source  is i d e n t i c a l  t o  t h a t  used wi th  t h e  a lpha  source  
w i t h  t h e  except ion  t h a t  t h  former a lpha  source  p o r t  c o n t a i n s  only  one 
very t h i n  n i c k e l  f o i l  ( lo-‘  inches)  window through which t h e  e l e c t r o n s  
e n t e r  t h e  source.  The e l e c t r o n s  a r e  c r e a t e d  by an o r d i n a r y  e l e c t r o n  
gun housed i n  a s idearm of t h e  vacuum chamber oppos i t e  t h e  n i c k e l  win- 
dow. The e l e c t r o n  f i l amen t  is kep t  a t  some -25000 v o l t s  whi le  t h e  ion  
source  i s  near  ground p o t e n t i a l .  Absence of r a d i o a c t i v e  contaminat ion,  
h igh  i n t e n s i t y  ( -  1 0  microamps) and p o s s i b i l i t i e s  f o r  p u l s i n g  ( f o r  de- 
t e rmina t ion  of i o n i c  l i f e t i m e s )  a r e  some of t h e  advantages of  t h e  elec- 
t r o n  beam source .  A disadvantage  i s  t h e  much g r e a t e r  s c a t t e r i n g  of 
e l e c t r o n s  a t  high ion  source  p r e s s u r e s  which makes beam c o l l i m a t i o n  a 
problem. A quadrupole  mass ana lyzer  i s  used wi th  t h i s  ins t rument .  

5 3 .  Proton beam mass spec t rometer  
A 1 0 0  kev pro ton  beam obta ined  from a Walton-Cockroft a c c e l e r a t o r  

i s  used a s  i o n i z i n g  medium. The i o n  source  is n o t  l i k e  t h e  prev ious  ones 
b u t  o f  t h e  convent iona l  des ign ,  i . e .  a r e c t a n g u l a r  box wi th  r e p e l l e r  

and narrowed-down ion  e x i t  s l i t .  The pro ton  beam e n t e r s  and e x i t s  t h e  
ion  source  through very t h i n  n i c k e l  f o i l  windows (10-5 i n c h e s ) .  
i on  o p t i c s  are of  t h e  convent iona l  N i e r  t ype  and magnet ic  a n a l y s i s  is  
used. A proton  beam ( p r e f e r a b l y  of  even h ighe r  energy t h a n  used by u s  
s i n c e  a t  e n e r g i e s  below 100  kev charge  exchange conve r t s  apprec i ab le  
f r a c t i o n s  of t h e  pro ton  beam i n t o  an  H atom beam) seems t o  be t h e  most 
convenient  i o n i z i n g  medium f o r  h igh  i o n  source  p r e s s u r e s  s i n c e  it pro- 
v ides  h igh  i n t e n s i t y ,  p o s s i b i l i t y  f o r  pu l s ing ,  and l i t t l e  s c a t t e r i n g  a t  
h igh  p res su re .  The pro ton  beam can a l s o  be d e f l e c t e d  e l e c t r o s t a t i c a l l y  
be fo re  e n t e r i n g  t h e  i o n  source .  This  permi ts  v a r i a t i o n  of t h e  pro ton  
beam - e x i t  s l i t  d i s t a n c e  i n  t h e  i o n  source .  The c o s t  of Walton- 
Cockroft  a c c e l e r a t o r s  is r e l a t i v e l y  l o w .  

Graaff a c c e l e r a t o r  has  been desc r ibed  by Wexler. 

6 

I n  a more r e c e n t  appa ra tus  an e l e c t r o n  beam i s  used a s  i o n i z i n g  

The 

A high p r e s s u r e  mass spec t rometer  u s ing  Mev r o t o n s  from a Van d e  13 
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RESULTS AND DISCUSSION 
+ 1. Competit ive s o l v a t i o n  of C H 3 E 2  by water and methanol I 

A s tudy of t h e  i o n s  i n  methanol vapor i n  t h e  p r e s s u r e  r an  e 1-10 t 

t o r r  showed t h a t  most o f  t h e  ions  belonged t o  t h e  series CH30Hq.nCH30H. 
This  sug e s t e d  t h e  p o s s i b i l i t y  of observ ing  t h e  compet i t ive  s o l v a t i o n  
of CH30H$ by water  and methanol molecules .  Figure 2 shoys t h e  r e l a t i v e  r 
i n t e n s i t i e s  of  t h e  mixed c l u s t e r s  ob ta ined  when i r r a d i a t i n g  mixtures  of 
5% methanol: 95% water  and 2 0 %  methanol:  8 0 %  wa te r ,  both a t  5 t o r r  t o t a l l  
p r e s s u r e  and 5OoC ion  source  temperature .  I n  t h e  mixed methanol-water 
c l u s t e r s  t h e  q u e s t i o n  of  t h e  s t r u c t u r a l  ass ignment  arises. Thus t h e  
i o n  of mass 1 1 9  cou ld  b e  a s s igned  a s  H+.2CH30H.3H20 o r  CH OH3.CH30H.3H20, 
or H30+.2CH30H. 2H20. W e  have s e l e c t e d  t h e  n o t a t i o n  CH30Hi.CH30H. 3H20 
(or  CH30H3.mM.wW, f o r  t h e  g e n e r a l  c l u s t e r  where M and W s t and  f o r  CH30H , 
and H 2 0  and m and w f o r  t h e  number of methanol and water  molecules ) .  [, 
The pro ton  was a s s i g n e d  t o  t h e  methanol oxy en  i o n  s i n c e  t h e  proton a f -  , 
f i n i t y  of methanol i s  some 10-20  kcal/mole q3 h ighe r  t han  t h a t  of water  
This  assignment i s  a l s o  c o n s i s t e n t  w i th  t h e  obse rva t ion  t h a t  even i n  
mixtures  where water  predominates ,  i . e .  5% methanol ,  t h e  pure  h d r a t e  ' 

H30+.wW was n o t  observed ,  while  t h e  pure  methanol c l u s t e r  CH30H2.m 
was observed. 

The c l u s t e r s  o b t a i n e d  wi th  5% methanol (F igure  1) c o n t a i n ,  on t h e  
average ,  cons ide rab ly  more methanol t han  water  even though t h e  p a r t i a l  
p r e s s u r e  r a t i o  of  wa te r  t o  methanol is  19:l. Thus methanol i s  the  
s t r o n g e r  s o l v e n t  i n  t h e  observed c l u s t e r s ,  i . e .  c l u s t e r s  conta in ing  up 
t o  s i x  s o l v e n t  molecules .  W e  s h a l l  be a b l e  to  understand t h e  meaning 
of  t h i s  r e s u l t  b e t t e r  a f t e r  a more d e t a i l e d  t r ea tmen t  of t h e  d a t a .  It 
can  be shown t h a t  t h e  d i s t r i b u t i o n  of water  and methanol i n  t h e  observed 
c l u s t e r s  fo l lows  q u i t e  c l o s e l y  a p r o b a b i l i t y  d i s t r i b u t i o n .  Cal l ing  t h e  
p r o b a b i l i t i e s  f o r  i n c l u s i o n  of wa te r  and methanol w and p ,  f o r  a c l u s t e r  
w i th  a t o t a l  of II s o l v e n t  molecules  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  w i l l  
be g iven  by t h e  b inomia l  expansion of t h e  term (w+p)  E. For example if 
a p r o b a b i l i t y  d i s t r i b u t i o n  i s  fo l lowed,  t h e  c l u s t e r  con ta in ing  th ree  
s o l v a t i n g  molecules  CH30HZ.mM.wWl where II = m + w = 3, should show t h e  
fo l lowing  r e l a t i v e  i n t e n s i t i e s :  sH30H5.3W : CH30H;. 2WM : CH3OH5.WZM : 
CH30H2.3M = m3 : 3~ p : 3wp2 : p . W e  have ob ta ined  va lues  f o r  u and 

bu t ion .  The c a l c u l a t e d  i n t e n s i t i e s  shown i n  F igu re  2 demonstrate  t h a t  
a r e l a t i v e l y  good f i t  of t h e  exper imenta l  d a t a  can  be obta ined .  I n  
o r d e r  t o  expres s  t h e  p r e f e r e n c e  f o r  i n c l u s i o n  of methanol and water pe r  
u n i t  methanol and water p r e s s u r e  w e  d e f i n e  y = ( p / p ~ ) / ( w / P ~ )  as the  
f a c t o r  f o r  p r e f e r e n t i a l  t a k e  up of methanol ,  PM and Pw being t h e  p a r d  
p r e s s u r e s  of methanol  and water  p r e s e n t  i n  t h e  i o n  source .  The y ' s  tal- 
c u l a t e d  i n  t h i s  manner a r e  g iven  i n  F igu re  l. The r e s u l t s  a t  5 and 20% 
methanol show t h a t  t h e  yls f o r  a c lus te r  of a f i x e d  s i z e  ( i .e .  e = COnt) 
a r e  approximately independent  of t h e  methanol-water p r e s s u r e  r a t i o .  
Th i s  independence w a s  confirmed i n  a number of o t h e r  runs  wi th  2 ,  4 ,  5, 
8 ,  2 0 ,  50% methanol a t  2 and 5 t o r r  t o t a l  p re s su re .  The y ' s  a r e  found 
t o  dec rease  as e i n c r e a s e s .  Thus methanol i s  t aken  up p r e f e r e n t i a l l y  
by a f a c t o r  of  55, 2 1  and 8 f o r  c l u s t e r s  con ta in ing  3, 4 and 5 so lven t  
molecules .  F igu re  2 shows a l og  y p l o t  v e r s u s  t h e  number of  so lva t ing  
molecules .  The p l o t  is a lmost  l i n e a r  and a l lows  an e x t r a p o l a t i o n  t o  
l o g  y = 0 o r  y = 1. This  occur s  when t h e  c l u s t e r  c o n t a i n s  seven Sol- 
v a t i n g  molecules .  For  e > 7 ,  y becomes less than  u n i t y ,  i .e. water be- 
g i n s  to  t ake  precedence .  F igu re  2 a l s o  shows r e s u l t s  ob ta ined  with t h e  
pro ton  beam mass spec t romete r .  The t o t a l  p r e s s u r e  i n  t h e s e  runs was 
much lower ( 0 . 6  torr)  and t h e  r e a c t i o n  t i m e  much s h o r t e r  ( a  few micro- , 

seconds ve r sus  a f e w  m i l l i s e c o n d s  i n  t h e  a lpha  p a r t i c l e  i on  source) .  

.! 
'5 

by f i t t i n g  b inomia l  expansions t o  t h e  expe r imen ta l ly  observed d i s t r i -  



+ Figure 1 Mixed water and methanol  content in CH30H2.mCH30H.wHZ0 

clusters. Ion source temperature 5OOC. 
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Figure 2 Plot of log y versus number of solvating molecules. 

y is factor for preferential take up of methanol over 

water into ion CH30H2.mCH30H.wH20, where m + w - tl. + 
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One might suspect that under these conditions clustering equilibrium 

similar to those obtained with the alpha ion source. This might be 

i 
might not be achieved. However the results are, on the whole, quite 

taken to mean that clustering equilibrium establishes very rapidly and 
that the proton beam results approach equilibrium. 

be obtained from the "electrostatic theory" for metal-ion coordination 
complexes.2 It is recalled that this theory, using simdle electrostatic ' 
concepts, allows the calculation of the binding energies of metal com- 
plexes in the gas phase and that the results of such calculations have 
been in many cases very successful. In general, the potential energy 
of a complex ion is built up of four terms. 

1 

1 

In the interpretation of the present results considerable help can 

I 
These are due to the attrac- '' 

tion between the ion and the permanent and induced dipole of the ligands, 
the mutual repulsion of the dipoles, the energy required to form the 
induced dipoles and the van der Waals repulsions between the ligands 
and the central ion. Comparing the potential energies of an ion having 
water or methanol molecules as ligands, it is found that the first term 
is the decisive one. The first term contains the sum of the permanent 
dipole and the polarizability. The dipole moments of water and met anol 

The potential energy of an ion dipole interaction varies inversely with 
the square of the distance while the polarizability interaction depends 
on the fourth power. It follows that the methanol molecules with their 
slightly lower dipole but considerably higher polarizability will be 
more strongly solvating than water at close range to the ion. The ex- 
perimentally observed preference for methanol is thus to be understood 
as resulting from the higher methanol polarizability. 

ters with a given II by a probability distribution suggests that for 
!? < 6 all solvent molecules belong to an inner solvation shell. Suppose 
that for !? = 5 some of the molecules went into an inner shell (fully 
occupied) and the rest into an outer shell. The preference for methanol 
over water in the inner shell will be very different from that in the 
outer shell. It might even be expected that water will be preferenti- 
ally taken up in the outer shell. It follows that the water-methanol 
distribution in a cluster containing inner and outer shell molecules 
could npt be fitted by a single probability distribution of the type 
( W  + p )  but that the inner and outer shell would have to be fitted 
separately. Such a case is in fact observed in the Eqmpetitive sOlVa- 
tion of NH$ by H20 and NH3 which was studied earler. 
methanol clusters of !? = 3 ,  4 ,  5 can each be fitted with a probability 
distribution we can conclude that these clusters do not contain mole- 
cules which occupy a distinct outer shell, i.e. that the inner shell 

tribution is, to a certain extent, surprising even if all molecules 
belong to the same solvation shell. A probability distribution means, 
for example, that in the five cluster the preference for methanol over 
water is the same whether all the remaining four ligands are water Or 
methanol or a mixture of them. Obviously this can not be strictly true- 
The meaning of the experimental result must be that the nature of the 
other occupants is , in the first approximation, not important. 
with k = const, it was observed that Yp=COnst decreases from II = 3 to 

are 1.85 and 1.69 D while the polarizabilities are 1.48 and 3 . 2 3  b .  9 

It can be shown that the possibility of fitting the observed clus- 

Since the water- 

' contains at least five solvent molecules. 
The ability to fit a cluster of constant k with a probability dis- 

While y remains approximately constant for a cluster distribution 

J k = 5. This can be understood if one assumes that whenever II is increased 
by one unit the effective radius of the (inner) shell increases. This 
causes the polarizability to become less important and leads to a de- 
crease of the preference for methanol. An increase of the effective 

14 
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, ' radius might be expected because of the mutual repulsion due to dipole 
and van der Wall's forces between the ligands. 

also been made but this work is not yet completed. The available results 
show that CH3NO2 is taken up preferentially at close range of the central ( ion (NH; and H3O+ gave similar results). Thus at room temperature the 

\ preference factor is - 200 for three ligands, 60 for four Ligands, 40 
for five, etc. The results also seemed to show that nitromethane is 
always taken up preferentially in an incomplete.shel1 (inner or outer) 
but that it is ultimately expelled from inner shells. 

Experiments on the competitive solvation of CH3NO2 and H20 have i 

1 

, 

2. Effect of electric fields on cluster size 
One may expect that the presence of electric fields will lead to a 

decrease of the average cluster size. This effect is illustrated in 
Figure 3. The data were obtained with the proton beam mass spectrometer 
which has a Nier type ion source, i.e. ion exit slit and repeller. The 
distance from proton beam to ion exit slit was II 0.4 cm. E, is the re- 
peller field strength. In preliminary experiments at very low repeller 
fields it could be shown that at H20 pressures higher than about 0.3 
torr the cluster composition obtained with the proton mass spectrometer 
was very similar to that obtained with the alpha particle instrument. 
Since the estimated ion residence times are - 10 micron for the proton 
mass spectrometer and - 1 millisec for the alpha instrument these re- 
sults were taken to mean that in both instruments clustering equilibrium 
or near equilibrium is achieved. Figure 3 shows that increase of the 
electric field decreases the cluster size. This is a gradual process 
as shown by the succession of maxima. The maximum composition shifting 
successively from four water to zero water content of the H ~ O +  ion. 
Possibly plots of the type given in Figure 3 could be used for determin- 
ation of the enthalpy of attachment, i.e. AHn-l,n. 
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Figure 3 

Ere equals voltage between repeller and ion source exit slit. 

Temperature of ion source 3OOC. 

Experiments taken with 100 kev proton beam mass spectrometer. 

Effect of electric field on cluster composition. 

Water pressure 0.36 torr. 
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